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ABSTRACT

On the basis of the author's and the most reliable referense data of isobaric
heat capacity data of enthalpy and entropy of n-alcanes n=Cs...n-C1|  were
calculated in the temperature range from the tripls point to the temperatures of
thermal decomposition (620..670 K) at the pressures up to 60 MPa. As
thermodynamic starting point was taken T=0 K. On the basic of the analyses of
the obtained data and the most reliable reference data of the initial properties of
methane, ethane, propane and n-butane it is shown that the configuration entropy
in the critical point of n-alcanes from methane to n-undecane is the constant value
{ AS.=51.86 (J-mol* -K:)) in the range of the errors of it's definition. The value of
configuration enthalpy in the critical point is a single valued function of the

thermodynamic criteria similarity,
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fundamental crossover equation of state; isobaric heat capacity.



1. INTRODUCTION

During the last 20 years the investigation of isobaric heat-capacity of
different hydrocarbons groups and oil fractions in the wide range of state
parameters are conductsd by the authors with co-workers of the Grozny
Petroleum Institute,

Normal alcanes n=Cs...n-Cyy are investigated in details. Measurements are
conducted in the unit of adiabatic flow calorimetry with closed circulation of the
substance and calorimentric measurement of the flow rate. The description of the
unit is given in the articles [1,2]. There has been investigated the temperature range
from 300 K to the beginning of thermal decomposition (620...670 K at pressures
up to 60 MPa including gas and vapour phases, critical and supercritical regions.
Obtained experimental data partly published in articles [3...11] compose the
necessary base of calculation of the caloric properties of n-alcanes.

Thermodynamic diagram of ‘table calculations is shown on the diagram 1.
2. TECHNIQUE OF CALORIC PROPERTIES CALCULATION.

In the temperaturs range from the triple point to 298.15K isobaric changes
of enthalpy and entrophy in the liquid phase are calculated by the local thermal
eguation of state obtained in [12].

Enthalpy H and entropy § data on the saturation line [13] are taken as
basic form in the given temperature range. The state of n-alcanes in the form of
molecular crystal at the temperature of absolute zero and prssure of saturated
vapours is taken as the thermodynamical reference point of enthalpy Hye = 0 and
ENLropy See= 0. .

The calculation of enthalphy and entropy at the temperature range above

298.15 K is performed by :mtegrali::nn of smoocthing experimental data G, P, T -
authors [3...11]. Enthalpy H and entropy S values on saturation line are defined
by integration of experimental isobar C, in liquid phase at precritical pressures in
the temperature range from T. = 298.15 K to the saturation temperature T.. On
supercritical isobars the integration is done from a temperature To to maximum

temperature of an experimental Tmag. At the precritical prassures in gas phase the



integration is conducted from Tmas to the saturation tamperature Te. Enthalpy H"

and entropy S" data on saturation line in gas phase are determined by this
method, Special values H and S at the temperature Tma: and pressures p psc are
calculated by generalised Les and Kesler equation of state [14]. Values H and 5
obtained at the temperature Tmax and supercritical pressure p < pw are taken for
the caleulation. The reliability of such calculations is tested by the comparison
with experimental Cp-data.

Isothermal dimensions H and § for n-Cieand n-Cy at the temperature Tmas
are calculated by Les and Kesler equation of state in ideal gas state. Special values
H, and S, in ideal gas state at the temperature T, = 298.15 K defined as an

auxiliary point indication are determined according relationships:
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where AH™ . the enthalpy of vaporisation at the temperature
Te=298.15K; H,, S, - enthalpy and entropy on the saturation line of liquid at

the temperature T, (taken according data [13]); p™* - the vapour pressure at the
temperature To; po = 101325 MPa.
Values AH™ are taken according data [15] and values of vapour pressure

are caleulated by the equations obtained by Kurumav in [12]. Ideal-gas values of

enthalpy and entropy at the temperature Tma: are defined by integration ideal-gas
heat capacity Cp data [16].

Obtained data of enthalpy H , H” and entropy § , 8" on saturation line of

liquid and gas permit to calculate the enthalpy of vaporization AH, according

thermodynamic identities

AH,-H"-H', . S )
AH, = T, (8" -51. 4



Values AH, calculated according (3) and (4) are averaged. Disagreement
betwesn them don't exceed 0.5...0.8 kJ-kg'.

3. RESULTS
3.1. Enthalpy and Entropy on the Saturation Line.

Generalisation of data about caloric properties of n-alcanes on the
saturation line is conducted in the frames of thermodynamical similarity theory
[17). For enthalpy and entropy of thermodynamic similar subtances the following

relationships must be carried out:

(5"-SWR = flm,1), (5
(H? - HY(RT:)= ofe.1), (6)

where 5° and H" - ideal-gas functions at the suitable temperature; o -
defined criteria of similarity ( Pitzer acentric factor is taken in this case [201)-

The implicit form of relationships (5) and (6) is defined by experimental
data of authors and literature data [13,18]. In relationships (5) and (6) the point of
indication of values 5° and §, H” and H’ must be the same. We haven't any
problems with entropy because the entropy value at the temperature 0 K is equal

to zero for every phase. For generalisation of enthalpy data values H® and H' are

necessary to count off from one state, Data in reference literature about S, and
HY,, [19] are calculated from ideal-gas state. This is the reason why it's impossible

to use these literature data about HJ, for generalization of H' n-alcanes values
from n-C; and above, so as data of this work are calculated from the state of
molecular crystal. Values Hj, for given alkanes are determined by equation (1).
The last component in equation (1) is considered for n-pentane and n-hexane.
Entropy values Si are taken in accordance with reference data [19] and

for n-alcanes n-Cr... n-Cyy are also calculated by relationship (2) and generalised.



As the generalisation is conducted in the temperature range from triple
point to critical, so initially enthalpy H. and entropy 3. values are defined at the
critical point. These values are obtained by the method of linear diameter of

experimental data about H, H" and §,5".

The analysis of data shows that comfiguration entropy AS.=S; - e of n-
alcanes at the critical point is constant in limits of error of its definition and
dimentionless configuration enthalpy He= (H_ - Ho/RT. is the function of Pitzer
criteria. This is illustrated by the diagram 2. It is necessary to consider that
average value of configuration entropy at the critical point is equal to 5.=31.86
Jmol- K- and is quite near the value 6R=49.9 J-mol-K"'. Obviously this result
may have theoretical study. Value H,. is approximated with the equation (7) with
SD 0.53%

AHMNE-T.) = 2.640 + 1.2842 . @ - 0L6382- wp? (7]

Generalized equation for the calculation of configuration enthalpy and
entropy is the following:

AF =g, (1-D+a, (17 +o, (01— +o| o, (0-19)+
boy (1= g -(1-1)" +as-(1-1), | (8)

where AF - dimentionless function, form of which and numerical values
are presented in the Table 1.

The character of deviation is shown on Diagrams 3 and 4.

3.2. Enthalpy of Vapourisation

The analysis of calculation methods AH. shows that they are quite reliable
in the temperature range from 298,15 K to the normal temperature of boiling.
However, considering the universal character of AH. behaviour at T — T. we can

suppose that extrapolation in the region of high temperatures will be sufficiently
reliable.



Karruto and Kabayashi equation is given for these purposes [20] in the
temperature range 0.6 £ 75 1.

d'H'l'

RTE = :r'ng | ﬂ T r}&m + Iﬂ-g-s = '[I i t}u'm (g}

The base of data AH., T include data of authors and data presented in [15],
also results of n-hexane enthalpy investigation [21] and reference data for Ci... Cy
from [18]. This base of data is done for testing of generalised relationships and

constructions and if necessary new ones. We pay attention on the practically

absolute absence of AH, experimental data at the temperature below 298.15 K.

However, sufficiently reliable estimation of AH_ at the temperature of triple point
may be performed using data of Bondi [22] about enthalpy of sublimation AH.

and prai.:kisian data about AH_ melting of enthalpy given in [13]. Neglecting the

value of changes of gas enthalpy at the changes of pressure from saturation to zero
{Bondi considers gas as ideal) we get:

AH; = AH! - AH_ . (10}
Results calculated according formula (10) are used by authors for obtaining

special values of enthalpy of vapourisation in the temperature range from triple
point to 29815 K. Special values are defined with step by graphical interpolation

in the coordinates Hy- Tand H, - .

The comparison of indicated base of data with calculated according the
equajon (9) by values in the range of given temperatures 0.6 = ¢ =] gives the value
SD equal to 1.63 % The following analysis shows that eguation of form (9) may
be spread over the low temperature region.

New coefficient of the equation from the given above base of data by

approximation of data AH. are the following:

AH
ot = 68971 (1- 1) 412.4638. (1~ 9. (11

=




The value SD in the temperature range from triple point to critical
composes |.20%.

For more accurate calculations there is given the equation of form (&),
coefticients of which are presented in the Table 1, but the character of deviation is
shown on the Diagram 5.

As we can notice from this drawing deviations of value 2...4% are absorbed

only at temperatures exceeding 0.99-T. that quite corresponds error of

determination AHs in this temperature range.
3.3. Enthalpy and entropy in the wide range of state parameters.

There is carried out the analyses of generalised equations of state
recommended for the calculation of caloric properties of hydrocarbons. There is
established that Lee and Kesler generalised equation of state [14] gives the best
results at t = (.5. The equation is applied not only for calculations of H and S,
but also for heat capacity of Cp. Without considering in details the results of C;
calculation we note that the limit of application Lee and Kesler equation of state
[14] is determined by the results of comparison with experimental data of authors
(cutside of which errors of Cp calculation exceed 3. 5%).

This area is limited in the low part by saturation line and in high part by

isobar p/p.= 1.8 and is extended in the density range '.ﬁ.E| < 0.5,

For predicted calculations of thermodynamical properties in the critical
region authors worked out the generalised equation of state based on fundamental
crossover equation of state suggested by Sengers and his collaborators [23,24].
Detailed description of generalised equation and procedure of its obtaining is
presented in [23]. We consider the application of this equation for enthalpy and
entropy calculation. The form of crossover equation of state and all necessary
calculated relationships are presented in the Appendix.

The coefficient of -:-::nmpressibihty of real substance is defined by
relationship:

2=2"" +—2 - 2] (12)

L



where Z9%and 79 are coefficients of compressibility of single and standard
substances; o = 0.3043 - the acentric factor of standard substance; o - the
acentric factor of real substance; for simple substance o =0.

Functions Z® and 7o are defined by the following way. We calculate these
functions for real substance with defined P and T by crossover equation of state

(A.12)...(A.14) and relationship (13) of density of simple p™ and standard pi©
substances. We determine coefficients of compressidility by relationships (13) and

(16)

~ % BAA Ko
P—[Cg(1+B]_~f}.T]+M:|-[m]I —An(m} (13)
70 =7 [517] . (14)
zo=z7 [518] . (15)
where Z\" and Z!" - correspondently critical coefficients of

compressibility of simple and standard substances.
The density of real substance is calculated by relationship

p=pi(Z R.T). (16)
Now we can calculate calorific functions. We determine H™ and 5 for

simple and standard H®, S substances by crossover equation of state. Then we

determine deviations of functions from ideal-gas values:
AH® = Hi9 - Huo (T, AS® = S0 . §u9) (o), =Yg (17

AHM = Hin - H®o (T, ASin= Sin - §oir (T, (18)

where T0 = =T® /T, T = 150,663 K critical temperature of simple

substance; T = —T /T, T = 507.20 K - critical temperature of standard

substance.



Ideal-gas functions are calculated by following relationships:
- simple substance:

H* =(5/2)-R-(T-T)+H;", (19)
S* =(5/2)-R-In(T/ T,y +S;"™. (20)

- standard substance:

H* = £.C (T = Ty) /G +D+HJ, (El)
5 =6, In(T/T)+3C (T =Ti+S7", )

where values of coefficients C; are determined by approximation of data
[23]: Co= 11.488; C, = 0.4709317; C: = - 7.464995-10% Gz = - 9.370616-10%;

T=TM®; To = 298.15 K; HI" = 6197 Jmeol!; $7 =15473 Jmol-K+
Hi™ = 65660 J-mol'; §) = 348,95 J.mol K
L .

The deviation of enthalpy of real substance from ideal-gas value AH is
calculated by the equation .

ARL(5.T)= a0 (3 T)+ | aR (5 T)- 2R (5)} @

The calculation of entropy is carried out by analog relationship.
Comparison with H and 5 data and results of work [25] show that peneralised

crossover equation of state reliably define thermal and caloric properties of n-

alcanes in the range of given parameters Iﬂﬁ g 0.6; =15 1.25

530, we can conclude that the application of Lee and Kesler generalised
equation of state [14] and generalised crossover eguation of state permits to

predict reliably caloric properties in liquid and gas phases including critical region.



Table 1. Values of coefficients of equation (8) & standart desviations (S1), %

-~

?ﬁ%f Enthalpy Entropy Enthalpy of vapourisation
ents
ation

(8) | Variant | SD | Variant | SD | Varant | SD | Vadant | SD | Variant | SD | Variant | 5D

| 11 | 11 I I1

ay [1.10785 1.17277 0.97583 0.88151 -2.79988 -2.75395

a: [-2.67043; 1.07|-2.8178 1.23 |-2.76186 | 1.58 |-2.70911] 1.75(-3.93361 (.88 [-4.03734 | 0.89
oy |2.53574 247914 2.14024 2. 12887 8.15593 8.11450

aq |5.00552 6.78465 3.76324 5.94999 0.42397 1.60811

s [-2.99824 -2.932584 -1.84408 -2.61386 -3,.28427 -3.15363

s |2.96450 301214 3.38216 3.21044 #.21302 8.21257

oy |4.48634 0 360179 0 296930 0

Bo [0.320 0.315 0.297 0.292 0.396 0.395

B |0.289 0.293 0.300 0.300 0.350 0.35
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APPENDIX

——

1. Symbols of the dimensionless thermodynamic Values:

T=-TJT, AT =1-T/T, Ap=p/p,-]
i =upT/Tp, M= ji-p(AT), P=pL/pT,
A=pAT/Tp, U=pUlp, §=pSL/p, H=p-HL/Th (A1)
%= [@/a], & = o-CT/n, §,=p T/, W=W[aT/p1]"?
were: T - temperature, p - dencity, p - chemical potential, P - pressure,
A - helmholtz free-energy, U - internal energy, H - enthalpy,
S -entropy,Cy - isochoric heat capacity, Cp - isobaric heat capacity,
W - sound velocity,
2. The thermodynamic relationship

P =pR-A (A.2)
9==-TU - &, (A.3)
H=5-T0H, (A.d)
3. The fundamental equation of state 15
A =pu,(aT)+A,(aT)+ a4, (A.5)
wer&ﬂj(ﬂsz-I+_ﬁ|A:(ﬂT)J, (A.6)
&
n,(aT)= 3 m (aT), (A7)
j=1a
4. The thermodynamic derivatives are
s AA
= = i AL
4 [ dap ] . “a
'
- 31AA
()" - L——*ﬁj , (4.9
o(ap) ) S



5 = 28.aT) ) ’aaﬁ} | (A.10)
AT aAT LaaT ) _
ag
~ EE 142
W = —_— . (A.11)
i S
5. The fundamental crossover equation of State
2 AA
: = 0 - L 12
M cd(f_'ﬁ.p Eaﬂ.T)+:{ = ]M, (A.12)
1:claT+{aﬂ"5"] ; (A.13)
L eM
L gAA | [ aaA
AA = AA - . 4 Al4
: f’[am)[ ot ]M P

AR, =1/2tMTH + 1/ 4 luAM* 7 U + 1/ 5la (M P00 +
+1760a MO U 1) 4l M ATHIU™ + (A.15)
+1 21 e, MAT O U T -1 R,

were: [T =YWRMe (A.16)
q=Y"", (A.17)
g =yt (A.18)
ey, (A.19)
R = v/aGA(Y ™™ - 1) (A.20)
The crossover function Y is determined by relationship
(1-mY =0l + (ATRFJY"™, (A.21)
were: k' = I + 1/2uAUMJ, (A.22)

-

U= ufu* (A.23)



6. The first thermodynamic derivatives are

s -~ " ;X
aaﬁ] =EPLMA,. | (A.24)
gAp | - dM )
aai] _Efaaﬁl,“ _cH[BaE,J (425
— - (i | 3 [} L]
GAT ) | - Bt b k oM )
7. The derivatives of the crossover funtion are
{a"" J = F (t,M)T, (A.26)
gt
b4
(aki] =F (t,M)uaM *U 1, (A2T)
M J :
[i) = F,(t,M )T, (A.28)
at .
8y ]
= = F . {(t,MIn AT O, (A.29
[ oM ) 3A ) A )
were: E = (1+ ££)" : (A.30)
F, = [L[YF,;. (A.31)
1 ;
A ﬁ:] 1 ag-my |
i IN i g e ey A.32
. zk“[“k*,, [m+1—{l—i‘i}‘f]' eiial
= s,
f, = Irz = ]tl"+[1—“ mm’ua} (A.33)
LW 2w
8. Universal Critical-Region Constants
v =0.630
n = 0.0333
a=2-3v=0110
A=10.51
m = Afv = 0.80952
ﬂ].g=2.|

u* =0.472



Table A.1 Parametrs of the Generalized Crossover Equation of State.

Values for
Parametrs Ey-mbﬂi a simple a standart
substance substance
[ Critical Te K 150.66 507.20
parametrs P;, MPa 4.860 3.025
Pe, kg m-2 530.9 233.5
Parametrs of W 0,549 0,438
the crossover 3 1.9799 1.301
function
Parametrs of C - 0.04741 -0.0150
the asymmeétric Ch 1.9996 2.189
real fluid . 2.35231 2.360
B; - 0.2641 - 0,320
Coeflicients of the a0s - 0.45T10665 - 0.412673
Landau expansion -6 0.30481024 1.476329
a4 0.01504220 0.4461 38
lan -0.02229074 0.359876
Coefficients of the Ay - 1.0 - 1.0
regular thermal A - 4. 8228243 -6.324805
function  A,(AT) A, 3.9067660 2.324301
As - 5.9100274 16. 758293
Ay 16.4240610 - 50.8426695
Coefficients of the Mo 6.2675 - 104.093
regular thermal my - 37.462 - 84.527
function i, (AT) ms - 6.62383 - 55.0411
ms 221443 - 46.1598
] My - 15.58372 - 29.8779




Fig.1.

Fig.2.

Fig.3.

Fig.4.

Fig.s.

FIGURE CAPTIONS

Thermodynarmic calculation diagram of caloric propertics:

- calculation by local equation of state;

AN - calculation by numerical integration of Cp-data;
——F% . calculation by equation of state Lee and Kesler [14].

The configuration enthalpy AH: and entropy ASc in the critical Point

of the n-alcanes as a function of the Pitzer acentric factor w .

Deviations between the calculated values of the enthalpy and the
experimental values: 1 - methane; 2 - ethane; 3 - propane; 4 - n-butane;
5 - n-pentane; 6 - n-hexane; 7 - n-heptane; 8- n-octane; 9- n-nonane;
10 -n-decane.

Deviations between the.r:alculalzd values of the entropy and the
experimental values:

1 - methane; 2 - ethane;, 3 - propane; 4 - n-butane;
5 - n-pentane; 6 - n-hexane; 7 - n-heptane; 8- n-octane; 9- n-nonane;

10 -n-decane.

Devications the calculated values of the enthalpy of vapournisation and the
experimental values: |- methane; 2 - ethane; 3 - propane; 4 - n-butane; 5 -n-
pentane; 6 - n-hexane; 7 - n-heptane; 8 - n-oktane; 9 - n-nonane; 10 - n-

decane: 11 - n-undecane.



¥

NN SN

ZINBEaI]

Temperature



AH /BRI

i | W — :
0.2 0.0 0.4 ]

Acentric factor



&
[
H4
P [
|
-
I_H._
Sl =]
|
-
= =
o |o
| |
O o
+|o
|
()]
L
Tl =
|
&
b
Jo
iy







%

v

sale
v

100- [AH




